Background: Diabetes imposes a substantial burden globally in terms of premature mortality, morbidity, and health care costs. Estimates of economic outcomes associated with diabetes are essential inputs to policy analyses aimed at prevention and treatment of diabetes. Our objective was to estimate and compare event rates, hospital utilization, and costs associated with major diabetes-related complications in high-, middle-, and low-income countries.
Introduction
The prevalence of diabetes worldwide was estimated to be 2.8% in 2000 and projected to rise to 4.4% by 2030, with more than three-quarters of people with diabetes living in developing countries [1] . Diabetes imposes a considerable burden in terms of premature mortality, morbidity, and health care costs. Life expectancy for people with diabetes has been estimated to be up to 10 y shorter than for people without diabetes [2] [3] [4] . Likewise diabetes imposes substantial demands on health care systems, as medical expenditures for people with diabetes are up to three times greater than for those without diabetes, largely because of macrovascular complications [5] [6] [7] .
Currently there is a paucity of information on the direct medical costs associated with treating diabetes in low-and middle-income countries [8] . For example, lacking microlevel data, a recent estimate of the global health care costs of treating diabetes was based on country-level information regarding total health care spending, the prevalence of diabetes, and ratios of the costs of care for people with and without diabetes [9] . Although such an approach provides estimates of the overall resources devoted to the treatment of diabetes, it provides no indication of how different types of complications contribute to health care costs.
Health care resources devoted to people with diabetes may differ across countries because of a wide variety of factors including different rates of complications and the case fatality associated with events, as well as patterns of treatment such as the frequency and length of hospital episodes. Estimates of the resource use associated with treating different types of events associated with diabetes are essential inputs to projections of the economic burden of diabetes. These inputs are also needed in economic evaluations of interventions for prevention or treatment of diabetes, in order to quantify costs that may be averted owing to lower rates of complications.
The purpose of this study was to estimate acute and long-term resource use associated with five major complications of diabetes, on the basis of patient-level information from the Action in Diabetes and Vascular Disease (ADVANCE) study [10] , a multinational clinical trial that included over 11,000 participants from 20 countries. Focusing on three groups of countries defined by geography and level of economic development, we examined variation in rates of major complications and used regression models to estimate the short-term and long-term hospital use associated with these events. Combining these estimates with estimated hospital bed-day costs from the World Health Organization's (WHO) CHOICE project [11] , we estimated the total annual hospital costs associated with major complications among patients with diabetes in different regions.
Methods

Study Population
All patients included in this analysis were participants in the ADVANCE (Action in Diabetes and Vascular Disease: Preterax and Diamicron MR Controlled Evaluation) study. ADVANCE was a randomised 262 factorial trial in 11,140 normotensive patients with type 2 diabetes comparing (i) gliclazide MR-based intensive glucose control regimen, or regular, guideline-based glucose control therapy in patients with type 2 diabetes, and (ii) routine blood pressure lowering based on a perindopril-indapamide combination or matching placebo [12] . The gliclazide MRbased intensive blood glucose control regimen aimed to reduce haemoglobin A1C to 6.5% or lower (compared with haemoglobin A1C targets of 7%-8% suggested by most regional guidelines) [10] . As the focus of the current study was on variation in hospital use associated with major complications, rather than on the outcomes associated with particular therapies, the analysis was based on all participants in the study. ADVANCE is registered with ClinicalTrials.gov, number NCT00145925.
Patients were eligible for the trial if they had been diagnosed with type 2 diabetes mellitus at the age of 30 y or older, were aged 55 y or older at entry to the study, and had a history of major macrovascular disease or at least one other risk factor for macrovascular disease. The eligibility criteria were intentionally designed to enroll a broad cross-section of high-risk patients [12] . In this study countries are grouped into three regions. The countries (with numbers of randomized patients in parentheses) in each region are: Asia (4, 136) 
Identification of Complications and Hospitalizations
Five prespecified endpoints from the study were used in the analysis: (i) major coronary events; (ii) major cerebrovascular events; (iii) heart failure; (iv) peripheral vascular events; and (v) new or worsening nephropathy. Outcomes were coded according to the 10th Revision of the International Classification of Diseases. Information on hospitalization (including admission for less than one day) was collected from all patients during the trial at their regular clinic visits or at the time of death, if relevant [10] .
Statistical Methods
The cumulative incidence of events was plotted by region, and standard log-rank methods without adjustment for covariates were used to test for significant differences across regions. Annual estimates of the probability of admission to the hospital and the total number of days spent in hospital were calculated using regression models for longitudinal (panel) data [13] [14] [15] . For this analysis, hospital use was separated into two periods: (i) use during the year in which the complication occurs, and (ii) use in all subsequent years. Indicator variables were defined for each of the five types of complications, and distinguishing these two different periods. Other variables in the models included current age, sex, and region. We included an indicator variable for having more than one type of event in the same year to enable multiple complications to have a combined impact on hospital use or length of stay that differed from the sum of the individual effects. We also included indicator variables for mortality to capture different patterns of resource use near the time of death. Separate mortality variables were defined for each region and for three categories of events based on preliminary analyses indicating similar effects for the specific complications comprising each category: (i) coronary events or heart failure; (ii) cerebrovascular events; and (iii) all other deaths. Finally, we included indicator variables for study years (i.e., years since randomization) to allow for time-varying effects that were not captured in the other model covariates.
Two separate regression equations were estimated to model health care use. In both models, each individual contributes multiple observations, and the statistical models account for correlation between these observations. First, a logistic regression was used to model the annual probability of having at least one hospitalization, including random effects at the patient level. Second, a negative binomial regression was used to model counts of the total number of days spent in hospital within a year, given at least one hospital admission. The negative binomial regression was estimated using a generalized estimating equation approach with a log link [16] . As a preliminary analysis provided strong evidence of overdispersion in these data (p,0.0001 on a likelihood ratio test), the negative binomial model was used in preference to Poisson estimation. Similar two-part modeling approaches are commonly used in estimating cost and utilization functions for many types of health care [17] , as these approaches enable explicit modeling of the decision to seek care, separate from the intensity of utilization.
Methods for Estimating Total Expected Hospital Use and Associated Costs
The expected annual number of days spent in hospital, given a particular event or event history, was computed by multiplying the estimated probability of hospitalization (calculated using the logistic regression equation) by the estimated annual number of days for those hospitalized (calculated using the negative binomial regression equation). The proportional contributions of each type of complication and multiple complications during the follow-up period were estimated and reported by region.
In order to compute estimated costs, we combined the regional estimates of expected hospital use in this study with estimated hospital bed-day costs made available by WHO's CHOICE project (www.who.int/choice). The methodology for estimating these bed-day costs has been described in detail elsewhere [11] . In brief, cross-country regression models were applied to a dataset compiled from secondary literature and unpublished reports on cost analyses in hospitals and health centres in 49 countries, between 1973 and 2000, totaling 2,173 country-years of observations. Cost data were adjusted for inflation using gross domestic product (GDP) deflator series and adjusted for currency differences using purchasing-power-parity exchange rates. Cost functions were estimated using ordinary least squares regression, relating the natural log of costs per hospital bed-day to the natural log of GDP per capita, the natural log of the hospital occupancy rate, and indicator variables for hospital level (primary, secondary, or tertiary), hospital type (public or private), and the inclusion of drug or food costs. For the present study we computed regionspecific bed-day costs by applying the published coefficients from the WHO-CHOICE regression model [11] to estimates of 2008 GDP per capita from the World Bank (computed as regional averages reflecting the distribution across countries in the study population). We assumed a tertiary-level, public not-for-profit hospital, and included food but not drug costs. As a sensitivity analyses we also computed estimates for secondary-level hospitals.
Total costs were calculated as the product of the estimated probability of hospitalization, the estimated number of hospital days given admission, and the estimated hospital per diem cost. To account for uncertainty in these estimates we recomputed the results with 1,000 bootstrapped regression coefficient estimates for each of the three components. All costs are presented in 2008 international dollars (Int$), which represent a hypothetical currency that allows for the same quantities of goods or services to be purchased regardless of country, standardized on purchasing power in the US. While the main analyses in this paper report estimates at the regional level, we also present examples of calculations for selected countries. Costs for all countries involved in the ADVANCE study are readily available using a cost calculator provided as a supplement to this paper (Dataset S1).
The cost calculator reports costs in international dollars as well as in local currency units, and also enables calculation of costs under various alternative assumptions, for example about hospital level.
All statistical analyses were undertaken using STATA 10.1 and the cost calculator is implemented as an Excel spreadsheet.
Results
Some regional differences were observed in the baseline characteristics of the population (Table 1) . Compared with participants from Established Market Economies participants in the other regions were younger and more likely to be female. Blood pressure was substantially higher among Eastern European patients, who had a mean blood pressure at entry of 150/85 mm Hg. Body mass index was on average significantly lower among Asian patients.
A total of 10,955 hospitalizations were recorded during the study follow-up (median duration of follow-up was 5.0 y). The average numbers (standard deviation [SD]) of hospitalizations per participant during the trial by region were: Asia 0.7 (1.2); Eastern Europe 0.9 (1.6); Established Market Economies 1.3 (1.9). Significant differences across regions were observed in the cumulative incidence of the five types of complications and allcause mortality ( Figure 1 ). Compared with patients from Established Market Economies those in Eastern Europe had significantly higher incidence of cerebrovascular events ( Figure 1B ), heart failure ( Figure 1C ), and peripheral vascular disease ( Figure 1D ). In Asia the incidence of coronary events ( Figure 1A ) and peripheral vascular disease was significantly lower, whereas the incidence of stroke and nephropathy ( Figure 1E ) was significantly higher.
The two-part regression results are reported in Table 2 . These results may be used to predict hospital utilization among patients of a particular age and living in a particular region, in a year in which the patient either experiences a specific first complication or has a history of past complications. The regional predictions of complication-specific hospital use are reported in Table 3 for nonfatal complications. The first section reports probabilities of hospitalization following each type of complication. Overall, probabilities of hospitalization were highest for heart failure (93%-96% across regions); probabilities of hospitalization for coronary and cerebrovascular events were slightly lower. The lowest probabilities occurred for nephropathy (15%-26% across regions). Comparable probabilities for fatal events are available in Dataset S1. For coronary events and heart failure, fatal events were associated with lower probabilities of admission in all regions, presumably owing to acute fatality occurring before reaching hospital. Probabilities of admission were similar between fatal and nonfatal stroke events, while other types of complications were associated with greater probabilities of hospital use preceding fatal events. Across regions, probabilities of having at least one hospital admission were highest in Established Market Economies and lowest in Asia.
The second section in Table 3 shows average numbers of inpatient bed-days per year given at least one hospitalization in that year. Numbers of days spent in hospital were greatest for stroke (17-32 across regions) and heart failure (16-31) and smallest for nephropathy (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Again the estimated models also enable calculation of comparable figures for fatal complications (Dataset S1). Fatal coronary events and heart failure had shorter predicted lengths of stay in all regions; differences between fatal and nonfatal stroke varied by region; and length of stay increased in all regions for all other events and for those without complications. The overall comparison of length of stay across regions has the opposite pattern than that for hospitalization probabilities, with average length of stay in the absence of any of the specified complications in this study at nearly 19 d for Asia compared to 12 d in Eastern Europe and 10 d in Established Market Economies.
The final section in Table 3 reports estimated regional costs associated with the different types of complications, on the basis of the estimated numbers of total bed-days from ADVANCE, combined with WHO-CHOICE estimates of hospital per diem costs. Overall estimated annual hospital costs for patients with none of the specified events or event histories ranged from Int$76 in Asia to Int$296 in Established Market Economies. All complications included in this analysis led to significant increases in hospital costs. Coronary events, cerebrovascular events, and heart failure were the most costly, at more than Int$1,800, Int$3,000, and Int$4,000 in Asia, Eastern Europe, and Established Market Economies, respectively. Patients with a history of complications continued to have higher hospital use and costs in subsequent years relative to those without any history of complications. In a sensitivity analysis assuming that costs were incurred in secondary-level rather than tertiary-level hospitals, we found that costs were approximately 30% lower than those reported in the main analysis.
Although Table 3 presents regional estimates it is also possible to estimate country-specific costs by applying WHO-CHOICE hospital per diem estimates derived from national GDP per capita. For example, using this approach the estimated annual costs associated with nonfatal coronary events were Int$1,871 (95% confidence interval 1,260-2,857) for China, Int$2,655 (1,734-3,975) for Russia, and Int$3,947 (2,535-5,842) for the UK. The provided cost calculator (Dataset S1) enables estimation of hospital use and costs for any country in the ADVANCE study, assuming any specified hospital level, and expressed in either international dollars or local currency units. Figure 2 shows the contributions from each type of specified complication to overall hospital use by region during the 5-y follow-up of the study. The complications identified in this study contributed the highest proportion of hospital use in Eastern Europe (approximately two-thirds), primarily due to the higher incidence of macrovascular events such as heart failure. In Asia these five complications contributed 60% to overall hospital use, with about half of the use associated with cerebrovascular events.
Discussion
In this study we have reported results from analyses of a large patient-level dataset collected in 20 countries (including seven countries in Eastern Europe and four in Asia) to obtain empirical estimates of the hospital use and indicative costs associated with a set of major complications that occur commonly in people with diabetes. There were significant differences in both the incidence of these complications and in patterns of hospital use across regions. Overall, patients in Asia and Eastern Europe had higher incidence of some events (e.g., stroke) than patients in Established Market Economies, lower rates of hospitalization, and longer lengths of stay. Specific complications varied markedly in their contributions to hospital use across regions. For example in Asia around 30% of days spent in hospital by people with diabetes could be attributed to stroke, whereas heart failure was more important in Eastern Europe. In both of these regions, major complications contributed a greater proportion of the hospital use recorded during the study than in Established Market Economies.
In addition to estimating hospital use directly from the ADVANCE data, we have also reported on estimated costs associated with this use, applying the hospital per diem costing methodology developed by WHO's CHOICE project. These cost estimates are intended to quantify hospital resource use associated with these events and not simply the cost of the admission for the event. Costs are reported in this paper using international dollars, as this approach facilitates comparability across regions by capturing differences in purchasing power for both traded and nontraded goods [18] . The models presented here can also be used to calculate estimates of hospital costs for patients in any of the 20 countries involved in the ADVANCE study, and for various combinations of complications based on the reported regression equations. To facilitate use of these models we have developed a simple spreadsheet-based tool that can be used to calculate hospital costs for all countries involved in ADVANCE (Dataset S1). It is also possible to refine costing estimates using supplementary costing information when available, such as hospital per diem costs by specialty in a specific country. The modular approach presented in this paper-with separate components for estimating probabilities of admission, length of stay, and bed-day costs-allows for flexibility in substituting estimates derived from other available sources for any of the three components.
An important motivation behind this analysis has been to develop a set of hospital cost estimates for major complications in patients with diabetes in Asian and Eastern European countries. To put our estimates into some perspective, recent estimates reported by WHO indicate an average annual per capita health expenditure of Int$216 for China and Int$698 for Russia [19] . Our results indicate that the annual hospital costs for people with diabetes experiencing major macrovascular complications such as coronary or cerebrovascular events are between four and ten times these average per capita expenditures. When interpreting these results it is important to note that this study has focused on hospital inpatient use and costs. Reports from developed countries have consistently observed that costs of inpatient care represent around Table 2 . Regression results for probability of hospitalization and expected number of hospital bed-days given at least one hospitalization. All heart failure events leading to death, requiring hospital admission or resulting in an increase in NYHA class. f All peripheral vascular events including death due to peripheral vascular disease, amputation of at least one digit, requirement for a peripheral revascularization, or chronic ulceration of a lower limb thought due to arterial insufficiency. g Any of the following: the development of macroalbuminuria; a doubling of serum creatinine to a level of at least 200 mmol/l; the requirement for renal replacement therapy (dialysis or transplantation); or death from renal disease. h Indicates more than one type of predefined event occurred in the same year; half or more of the total health costs for people with diabetes [20] [21] [22] [23] [24] , and this pattern of resource use is also reflected in more recent studies in developing countries [25, 26] . However, complications of diabetes can demand resources from other elements in the health system as well (e.g., increased use of outpatient services), and the fraction of all costs relating to hospital inpatient stays may vary across regions. Quantifying resource use and associated costs for the other health system elements should be a focus for future work, as the rising prevalence of diabetes globally is likely to require considerable additional health care resources to treat these and other major complications of diabetes. Another important use of the information provided in this study is to provide essential inputs to economic evaluations. Costeffectiveness analyses of interventions to manage diabetes conducted in developed countries often show that a significant proportion of the implementation costs are offset by savings in future treatment costs because of lower rates of complications [27, 28] . There is a need to undertake comparable studies of costeffectiveness of alternative interventions for the treatment and prevention of diabetes in different regions (particularly in low-and middle-income countries). Our results can inform such analyses by providing estimates of the hospital resource use for countries in Asia and Eastern Europe. In this regard it will be useful to undertake a reexamination of the limited existing economic evaluations of diabetes that have been conducted in these regions, which have not accounted for regional differences in the incidence of complications [29] , or have been confined to intermediate outcomes such as costs per case of diabetes prevented [30] .
How do these results compare with previous studies reporting resource use and costs for major complications of diabetes? In regard to developed countries, the average lengths of stay for diabetic patients having macrovascular events in the UK are similar to previous estimates [31] . Our estimated annual costs for cerebrovascular events and heart failure also appear to be comparable with these previous estimates, but prior estimates of the cost of coronary heart disease events are around 50% higher than those reported here [31] . These cost differences for coronary heart disease are mostly likely due to higher costs associated with the specialty cardiology care of around £400 per day in the earlier study [31] , compared with the WHO-CHOICE estimate of Int$302 used in this study. The reporting of the probability of hospitalization and average annual length of stay for each complication facilitates the calculation of additional estimates where other information on hospital bed-day costs is available. In terms of other comparisons, the hospital costs reported here for several macrovascular events appear to be of similar magnitude to a recent Chinese hospitalbased cross-sectional study [26] , but other studies have reported a wide variation in these costs [29] . For many other countries such as Russia we can find no published estimates available.
This study involves patients recruited by 215 centres in the ADVANCE study who were seen regularly in clinics over an average period of 5 y as part of a wider clinical trial. Although having prospectively collected information on the complications of a large group of patients is a key strength, it should also be noted that elements of the trial design and entry criteria may limit the applicability of the results to a broader patient population. Caution is therefore warranted in generalizing from the trial to all diabetic patients. Because the ADVANCE study intervention involved use of pharmacological therapies, we expect that absolute rates of complications in the trial may differ from those in general practice; on the other hand, because the trial protocol did not specify how patients with major complications would be treated in hospital, we expect that the frequency and intensity of hospital utilization in the trial will be more robust and generalizable to routine practice. While it would be useful to undertake prospective costing studies outside of clinical trials, the infrastructure costs associated with recruitment and follow-up of large cohorts of people with diabetes are likely to be important barriers to this form of data collection in many countries. Given persistent gaps in the evidence base on the economics of diabetes outcomes in low-and middle-income countries, this study provides critical information on patterns of hospital resource use and costs in settings where there have been no previous longitudinal studies.
To summarise, we expect that the estimates reported here will help inform the evaluation of therapies aimed at preventing diabetes-related complications, as they provide explicit quantification of the potential to avert future health care costs through successful secondary prevention. These results are required for decision makers who need to anticipate future health care costs for people with diabetes, or who wish to examine the cost-effectiveness of interventions aimed at reducing the rates of complications. Health care providers, policy makers, and health service researchers require timely information on the expected health and economic consequences of diabetes. Understanding the relative burden associated with different complications will provide critical evidence for health care decisions characterized by significant complexity and persistent uncertainty, particularly in settings constrained by severely limited resources.
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Editors' Summary Background. Worldwide, nearly 250 million people have diabetes, and this number is increasing rapidly. Diabetes is characterized by dangerous amounts of sugar (glucose) in the blood. Blood sugar levels are normally controlled by insulin, a hormone produced by the pancreas. Blood sugar control fails in people with diabetes because they make no insulin (type 1 diabetes) or, more commonly, because the fat and muscle cells that usually respond to insulin by removing excess sugar from the blood have become insulin insensitive (type 2 diabetes). Type 2 diabetes can be prevented and controlled by eating a healthy diet and exercising regularly. It can also be treated with drugs that help the pancreas make more insulin or that increase insulin sensitivity. Major longterm complications of diabetes include kidney failure and an increased risk of cardiovascular problems such as heart attacks, heart failure, stroke, and problems with the blood vessels in the arms and legs. Because of these complications, the life expectancy of people with diabetes is about ten years shorter than that of people without diabetes.
Why Was This Study Done? Diabetes imposes considerable demands on health care systems but little is known about the direct medical costs associated with treating this chronic disease in low-and middle-income countries where more than three-quarters of affected people live. In particular, although estimates have been made of the overall resources devoted to the treatment of diabetes, very little is known about how the different long-term complications of diabetes contribute to health care costs in different countries. Public-health experts and governments need this information to help them design effective and sustainable policies for the prevention and treatment of diabetes. In this study, the researchers estimate the resource use associated with diabetes-related complications in three economic regions using information collected in the Action in Diabetes and Vascular Disease (ADVANCE) study. This multinational clinical trial is investigating how drugs that control blood pressure and blood sugar levels affect the long-term complications of diabetes.
What Did the Researchers Do and Find?
The researchers recorded diabetes-related complications, hospital admissions for these complications, and length of hospital stays in 11,140 patients with severe diabetes from 20 countries who participated in the ADVANCE study. They used ''multiple regression analysis'' to estimate the number of days spent in hospital for diabetes-related complications in Asia, Eastern Europe, and the Established Market Economies (Canada, Australia, New Zealand, and several Western European countries). Finally, they calculated the economic costs of each complication using regional estimates of the costs per bed-day from the World Health Organization's CHOICE project (CHOosing Interventions that are Cost Effective).
Nearly everyone in the study who developed heart failure attended a hospital, but only 15%-26% of people attended a hospital for kidney problems. The chances of hospitalization for any complication were lowest in Asia and highest in the Established Market Economies; conversely, lengths of stay were longest in Asia and shortest in the Established Market Economies. Finally, the estimated annual hospital costs for patients who had a coronary event, stroke, or heart failure were more than Int$1,800, Int$3,000, and Int$4,000 in Asia, Eastern Europe, and the Established Market Economies, respectively (the international dollar, Int$, is a hypothetical currency that has the same purchasing power in all countries), compared to Int$76, Int$156, and Int$296 for patients who experienced none of these events.
What Do These Findings Mean? Because the ADVANCE trial had strict entry criteria, the findings of this study may not be generalizable to the broader population of people with diabetes. Nevertheless, given the lack of information about the costs associated with diabetes-related complications in low-and middle-income countries, these findings provide important new information about the patterns of hospital resource use and costs in these countries. Specifically, these findings show that the major complications of diabetes greatly increase hospital use and costs in all three economic regions considered and impose a high economic burden on health care systems that is likely to increase as the diabetes epidemic develops. Importantly, these findings should help policy makers anticipate the future health care costs associated with diabetes and should help them evaluate which therapies aimed at preventing diabetes-related complications will reduce these costs most effectively. 
